Background {#Sec1}
==========

Sexually dimorphic phenotypes are thought to result from differential gene expression between the sexes, as most genes are common to both male and female genomes \[[@CR1]\]. Sex-biased gene expression, or upregulated transcription in one sex, has been widely reported in animals, including species of mammals, birds, fish, worms, insects, as well as outside of animals, in fungi and higher plants, with estimates indicating that from 10% to more than 90% of the genome can exhibit sex-biased transcription depending on methods and taxon \[[@CR1]--[@CR24]\]. Sex-biased expression is believed to have arisen to resolve sexual conflict and thus might largely reflect selection acting on processes within and between sexes \[[@CR1], [@CR2], [@CR18]\]. Sex-biases could also be shaped by pleiotropic constraints \[[@CR25], [@CR26]\]. At present however, the factors underlying the evolution of sex-biased expression in metazoans remain largely unresolved, particularly the roles of sex-related selection and pleiotropy \[[@CR3], [@CR18], [@CR19], [@CR25], [@CR27], [@CR28]\].

Drosophila has served as a primary model system for the study of sex-biased gene expression in animals \[[@CR1], [@CR2], [@CR4], [@CR6], [@CR10], [@CR11], [@CR14], [@CR15], [@CR29]--[@CR38]\]. Research in Drosophila has often been conducted using whole males and females, typically from one or two species, and sometimes pooled with sexual tissues; the studies have repeatedly shown evidence of sex-biased gene expression, rapid protein sequence divergence of male-biased genes, and/or interspecies turnover in sex-biased expression in this genus \[[@CR1]--[@CR3], [@CR14]--[@CR16], [@CR31], [@CR33], [@CR35]\]. Studies focused on the turnover in sex-biased expression status in multiple Drosophila species has been relatively uncommon \[[@CR8], [@CR11]\]. This type of multi-species research, which has typically been conducted using gene expression data from whole males and whole females, has unveiled patterns such as enhanced interspecies variation in sex-biased expression as species diverge (e.g., increased standard deviation in ratios of female:male expression), a preference for male-biased genes to exhibit elevated gene losses or gains \[[@CR8]\], correlations between expression and protein divergence \[[@CR8]\], and concurring evidence for the widely observed pattern of rapid protein sequence divergence of male-biased genes in this taxon \[[@CR1], [@CR8], [@CR11]\].

Crucially however, it has been widely thought, and in some cases empirically shown, that most of the expression differences between males and females in Drosophila, as well as other insects, originate from the sex-organs \[[@CR3], [@CR8], [@CR14], [@CR22], [@CR24], [@CR33]\]. In this regard, the study of gene expression from whole organisms could lead to an imprecise picture of sex biases \[[@CR22], [@CR35]\] due to dilution (allometric effects) of expression differences from the sex-limited tissues \[[@CR22], [@CR35], [@CR39]\]. For such reasons, growing studies have focused on sex-biased expression in gonads in insects \[[@CR14], [@CR22], [@CR24], [@CR35]\], and in other models such as birds \[[@CR19]\]. Further research in Drosophila using multi-species contrasts specifically of the gonadal tissues, and using original analytical approaches, thus provide a pathway to gaining further insights into how sex-biased expression evolves over time, and the factors shaping rates and patterns of turnover in Drosophila.

Studies on sex-biased gonadal expression in multi-species clades outside of Drosophila been reported only sporadically in the literature. As an example, a study of six species in the fowl clade Galloanserae reported that testis- and ovary-biased genes exhibited marked turnover (gains/losses) in sex-biased expression status between species in the phylogeny. This phenomenon was proposed to be linked to sexual selection, and was affirmed by testing the hypothesis in males, yielding findings of a positive association between male sexual ornamentation and turnover of testis-biased expression in the terminal species branches \[[@CR19]\]. Further, species-specific transitions to testis-biased expression were primarily caused by increased expression in the male gonads, whereas those transitions to ovary-biased expression were often caused by down-regulation in testes \[[@CR19]\]. This suggests that the testis largely control both testis and ovary sex biases in expression within those birds \[[@CR19]\].

Another multi-species study was conducted in four species of cichlids \[[@CR40]\]. That assessment showed that sex-biased gonadal expression profiles were conserved for a majority of genes studied in that genus \[[@CR40]\]. However, there were some exceptions, such as for sex steroid genes, where sex-biased expression appeared to have shifted extensively among species \[[@CR40]\]. In insects, an analysis of four species clade of Anopheles mosquitoes that included some gonadal comparisons, suggested rapid changes in sex-biased expression in that taxon. For example, interspecies expression divergence (standard deviation of male:female expression ratios, similar to Zhang et al. 2007 \[[@CR8]\]) was elevated for ovary-specific, testis-specific, and strongly testis-biased genes, as compared to unbiased genes within that genus \[[@CR23]\]. Further, sex-specific gonadal expression was connected to genic gains/losses \[[@CR23]\]. Each of these multi-species studies has shown that sex-biased expression status has changed in a substantive manner in closely related taxa.

An important topic that should be considered when studying the evolution of sex-biased gene expression is the role of pleiotropy. For instance, studies in vertebrates have suggested that pleiotropy, measured as expression breadth across tissues, may act to restrict evolution of sex-biased gene expression \[[@CR25], [@CR41]\]. Furthermore, pleiotropic functions across multiple tissues may act to limit evolution of expression changes within specific tissues such as the gonads \[[@CR8], [@CR25], [@CR26], [@CR42]\]. That is, when genes are involved in multiple processes and/or tissues, they may have limited freedom to evolve changes in their sex-biased gene expression status within the reproductive organs \[[@CR8], [@CR25], [@CR42]\]. Empirical assessment of the role of pleiotropy in the evolution of sex-biased gene expression *per se*, however, has only rarely been attempted to date *e.g.* \[[@CR25], [@CR26], [@CR42]\]. Accordingly, pleiotropy should be considered as part of an assessment of the evolution of sex-biased gene expression.

A parameter that has been widely studied in conjunction with sex-biased gene expression in metazoans is protein sequence divergence, particularly the level of selective constraint acting on protein evolution (measured using the ratio of nonsynonymous to synonymous substitutions, dN/dS). It has been often reported, but with some exceptions (see for examples \[[@CR22], [@CR23], [@CR43], [@CR44]\]), that male-biased and/or male reproductive genes (including testis-biased, seminal fluid and/or sperm genes), evolve rapidly and/or exhibit positive selection as compared to female genes and/or the rest of the genome in Drosophila and other models \[[@CR1], [@CR4]--[@CR6], [@CR10], [@CR14], [@CR19], [@CR30], [@CR31], [@CR45]--[@CR48]\]. This is thought to potentially arise from sexual selection, including sperm competition, a notion consistent with some findings of positive selection in sex-related genes \[[@CR1], [@CR6], [@CR10]\]. It has also been proposed, however, that the rapid evolution of male-biased genes might result from low pleiotropy and relaxed functional constraint that acts to accelerate protein sequence evolution \[[@CR1], [@CR8], [@CR14], [@CR16], [@CR41]\]. In this regard, protein sequence evolution is an important factor to include in the study of the study of turnover in sex-biased transcription.

While Drosophila has served as a core invertebrate system for the study of sex-biased gene expression, additional study of this taxon using multi-species contrasts of the sex-organs, and employing atypical approaches, may help further decipher the dynamics shaping evolution of sex-biased transcription. Here, we rigorously assess the evolution of sex-biased gonadal gene expression in 10,740 genes across four species from the melanogaster group of Drosophila. For this, we identify genes with lineage-specific transitions (LSTs) in sex-biased status (SBS), standardized to the number of genes with the ancestral state (S-LSTs), and those with clade-wide sex-biases. We subsequently evaluate the patterns of turnover and magnitude of sex-biased expression over time, cross-tissue expression breadth, and the evolution of protein sequences. Together, the results provide insights into the roles of selection and pleiotropy in the evolution of sex-biased gonadal expression in this genus.

Methods {#Sec2}
=======

Four species of Drosophila from the melanogaster group were used to assess sex-biased expression in the gonads: the well-established reference model *Drosophila melanogaster* and its sister species *D. simulans*, *D. yakuba* and *D. ananassae* (abbreviated as Dmel, Dsim, Dyak, and Dana hereafter). The phylogenetic relationship between these species is (((Dmel,Dsim),Dyak),Dana) and is shown in Additional file [1](#MOESM1){ref-type="media"}: Figure S1. The complete CDS sets per species were obtained from <http://www.flybase.org> \[[@CR49]\] and versions are provided in Additional file [1](#MOESM1){ref-type="media"}: Table S1. The full CDS (longest isoform) per gene for each species was identified and used for study. Orthologs across the four species was determined using the ortholog database at [www.flybase.org.](http://www.flybase.org) \[[@CR49]\], which provides high confidence orthologs to the reference Dmel for each of the three sister species studied here. Dmel genes that matched more than one ortholog in any compared species, or vice-versa, was excluded from analysis, such that all orthologs under study were one-to one matches. As the ingroup species Dmel contains the most well annotated and intensively studied genome in Drosophila, it is used as the reference system throughout our analyses.

Expression profiling {#Sec3}
--------------------

For expression profiling, large-scale testis and ovary RNA-seq data were obtained from the SRA database for each of the four species under study (\> 42 million paired-end reads per sample, Additional file [1](#MOESM1){ref-type="media"}: Table S1) \[[@CR50]\]. The samples, as described at the SRA database, are testes and ovaries from virgin males and females dissected within 2--4 days after eclosion, and all specimens per species were grown, maintained and collected under the same conditions (see SRA project ID for details, and Ref. \[[@CR50]\]; Table S1). The frequency per kilobase million (FPKM) was determined by mapping the reads per CDS in the Geneious Read Mapper in Geneious 11.0.3 (<https://assets.geneious.com/documentation/geneious/GeneiousReadMapper.pdf>). The program was run with two iterations \[[@CR51]\]. To ensure precise read-CDS matches, the entire CDS list for each species was used for matching reads to the CDS, and then the results for the sub-set of genes with four-species orthologs were extracted and used for analysis. For genes without orthologs, we conducted a separate analysis of sex-biased expression in the reference Dmel.

We performed clustering analysis of gene expression levels across testes and ovaries for all four species. Hierarchical clustering of expression levels was conducted using Spearman's correlations with average linkage in the program Cluster 3.0 \[[@CR52]\], and output was visualized in TreeView (<http://bonsai.hgc.jp/~mdehoon/software/cluster/software.htm>).

Identification of sex-biased genes {#Sec4}
----------------------------------

Sex-biased gene expression was defined for genes that exhibited at least a two-fold difference in expression cf. \[[@CR6], [@CR14], [@CR22], [@CR34]\] between testes and ovaries which was statistically significant (*P* \< 0.05) and had a FPKM\> 1 in at least one gonadal tissue. Thus, the definition of sex-biased expression herein is based entirely on differential expression in the gonads (see our "Assessments of Pleiotropy" section for nongonadal analysis). All genes not matching these criteria were defined as unbiased. Differential expression for each gene and *P*-values were determined using Geneious 11.0.3 \[[@CR51]\], wherein the expression data per sample was normalized by the median and compared using its method designed for two sample contrasts of large-RNA datasets, and that employs the Binomial distribution in ascribing probability values per gene. As we had a high cutoff for the definition of sex-biased genes (two-fold minimum) and deep RNA-seq datasets (Additional file [1](#MOESM1){ref-type="media"}: Table S1) \[[@CR50]\], this approach provides effective detection of differentially expressed genes amongst disparate tissues. The vast majority of genes (\> 98.0% per species) with two-fold bias (or higher) and statistically significant differential expression (*P* \< 0.05), retained this same status after Bonferroni correction. We thus used the uncorrected values for identification of sex-biased genes as we had a high threshold for defining a gene as sex-biased (≥2-fold difference), larger than applied in some other studies (*e.g.* 1.25-fold: \[[@CR53]\]), and we wished to include all genes with a propensity for sex-biased expression. Only six of the genes studied exhibited no expression in any species; these were included in unbiased gene sets and their inclusion/removal resulted in the same findings in our study.

Testis- and ovary-specific genes were defined throughout as those sex-biased genes that had 0 FPKM in the opposite sexed gonad (i.e. from inter-gonadal contrasts). To affirm stringency in this assessment, the identified sex-specific gene sets were confirmed for the reference Dmel using the modENCODE RNA-seq database available for this species at FlyBase (<http://www.flybase.org>, <http://www.modencode.org>) \[[@CR49], [@CR54]\].

Evaluation of lineage-specific transitions (LSTs) in sex-biased status {#Sec5}
----------------------------------------------------------------------

The few available studies of male- and female-biased expression turnover in two or more species of Drosophila have suggested an uncommonness of reversals in sex-bias, a trend not observed in birds \[[@CR19]\], and/or some variation in gains/losses of sex-biases \[[@CR3], [@CR8], [@CR11], [@CR14]\]. To address this issue, we aimed to rigorously assess the rates of turnover in sex-biased status in each of the four species branches of Drosophila, with known divergence times \[[@CR55]\], in a study design based on the following approaches: 1) examination of expression data strictly from the gonads; 2) evaluation of the number of genes with each of the six types of lineage-specific transition (LSTs) in sex-biased expression (among testis-biased, ovary-biased and unbiased status) and clade-wide conserved sex-biases and; 3) standardization of the frequency of each type of LST to the number of genes with the ancestral state (S-LSTs). This approach has several advantages. The S-LSTs allow comparison of turnover rates for each of six transitional categories, yielding an informative profile of putative differential selective pressures. In addition, the design permits an assessment of how the degree (fold-bias) of sex-biased expression has evolved over time (My), that is, between genes with LSTs and those with long term sex-biases (clade-wide). The approach also provides a means to assess any time-effects of conserved sex-biased, or sex-specific, gonadal status on dN/dS (i.e., in short versus long branches). Moreover, the LSTs (combined with cross-tissue expression breadth analysis) provide a novel means to assess whether pleiotropy acts to restrict transitions in sex-biased gonadal expression.

For the identification of LSTs, we identified genes that had a conserved ancestral sex-biased status (SBS) in three species and that had transitioned to a different SBS in the (fourth) lineage (terminal branch). As each terminal species branch represents a single period of divergence from its last common ancestor, we could thus compare the relative frequency of different types of transitions within each branch. We considered each of the six categories of LSTs in SBS (ancestral state to derived state), as follows: ovary- to testis-biased (ov-ts), unbiased to testis-biased (unb-ts), testis- to ovary-biased (ts-ov), unbiased to ovary-biased (unb-ov), testis-biased to unbiased (ts-unb), and ovary-biased to unbiased (ov-unb) expression. As the frequency of LSTs observed per branch will depend on the number of genes (N) that had the conserved ancestral state when the branch diverged, we standardized LSTs (S-LSTs) in each target branch as follows: S-LSTs~(x-y\ target\ branch)~ = N~LSTs(x-y\ target\ branch)~ / (N~SBSx\ (the\ same\ clade-wide\ SBS\ in\ all\ 4\ branches)~ + N~LSTs(x-y\ target\ branch)\ +~ N~LSTs(x-z\ target\ branch)~) X 1,000, where x = the ancestral state (e.g., unb), y = derived state in the target branch (e.g., x-y = unb-ts), z = the alternate type of transition from the ancestral state in the target branch (e.g., x-z = unb-ov) and N~SBSx~ = the number of genes with the same ancestral (x) sex-biased status in all four species. We multiplied by 1,000 for ease of readability and interpretation. The denominator controls for the number of genes with the conserved ancestral state that were available for a specific type of SBS transition within the target branch, and thus S-LSTs are comparable across transition types. We specify that the LSTs in Dmel, Dsim, and Dyak all indicate a gain in branch-specific status (e.g., ov-ts indicates a gain in testis-bias in one branch), while for the outgroup, Dana, a lineage-specific SBS would typically indicate a gain in lineage-specific status, but might sometimes comprise a reverse change in SBS within the relatively short branch from the common clade node to the ingroup clade (Dmel, Dsim and Dyak). We included the S-LSTs for Dana given the status is lineage-specific under either scenario, and conservatively note this caveat for interpretation of Dana S-LSTs (note: see later section "*Directional increase in fold sex-biased expression over time*"). The determination of S-LSTs was repeated for all four species branches and all six categories of transitions.

Assessments of pleiotropy {#Sec6}
-------------------------

Pleiotropy denotes a gene's multi-functionality across various genetic pathways or processes. Expression breadth comprises a proxy of the range of functions of a gene across various tissues or stages, and thus provides a measure of a gene's pleiotropy \[[@CR25], [@CR31], [@CR41]\]. To assess expression breadth, and thus pleiotropy, of genes under study here, we used large-scale transcriptome data available for the well-studied and reference model species Dmel in modENCODE as available at FlyBase \[[@CR49]\]. From these data, we determined expression breadth as the percentage of genes exhibiting the presence of expression across the 17 disparate developmental stages and tissues described in Additional file [1](#MOESM1){ref-type="media"}: Table S2. In turn, we determined the association between expression breadth and S-LSTs for Dmel (such that expression breadth data and S-LSTs were from the same species) and to dN/dS for genes with clade-wide sex-biased status.

Protein sequence divergence {#Sec7}
---------------------------

In order to assess protein sequence divergence, CDS for all four orthologs per gene were aligned at the codon level using Mega-CC \[[@CR56]\] and default settings with the exception that the gap penalty was set at −1.9. Subsequently, the dN /dS values per terminal branch were determined using maximum likelihood in the codeml package in PAML under the free-ratio (M1) model and the unrooted tree \[[@CR57]\]. This model allows dN/dS to vary among branches and determines an independent dN/dS value for each terminal species branch, that are needed for our branch-specific assessments. Values of dN/dS \< 1, =1 and \> 1 indicate a prevalence of purifying selection, neutral evolution and positive selection respectively \[[@CR57]\]. However even when \< 1, elevated dN/dS values indicate accelerated evolution, which could be due to relaxed constraints and/or adaptive changes. As a conservative approach, for analysis of each species' terminal branch, we examined only genes in that branch with values of dS and dN below 1.5 (and dS \> 0.001) including for the relatively distant outgroup Dana (for further details, see Additional file [1](#MOESM1){ref-type="media"}: Text File S1). This range of dN and dS values represents levels effective for limiting saturation of substitutions and ensuring quality of sequence alignments \[[@CR58]\].

Positive selection was tested using "sites" analysis in PAML \[[@CR57]\] using all four species Dmel, Dsim, Dyak and Dana by comparing models M7 versus M8 \[[@CR57]\]. We conducted this assessment for all genes with clade-wide sex biased status. Branch-site analysis was conducted for those genes exhibiting LSTs from unbiased to sex-biased status (unb-ts and unb-ov) using the branch with an LST as the tested branch \[[@CR57]\]. *P*-values \< 0.05 for each analysis were determined using 2∆lnL and the Chi^2^-distribution as described in the PAML manual \[[@CR57]\]. Results for positive selection analyses include only genes where all taxa (sites analysis, or the branch of interest (branch-site analysis), had dN and dS \< 1.5 and dS \> 0.001), and thus are conservative estimates.

For additional rigor, we obtained the dN/dS values for the genes under study from the flyDIVaS database, which has values for a six-species group in Drosophila, comprising the four species studied herein plus *D. sechellia* and *D. erecta* \[[@CR59]\]. The database has determined dN/dS values using the M0 model in PAML, which unlike M1 (which we used herein to obtain species-specific values), provides a single dN/dS across all species branches. We compared the dN/dS values from our assessment (using mean dN//mean dS across four species branches) to the M0 values from flyDIVaS and tested a correlation using Spearman's ranked R. In addition, we compared our positive selection tests for M7 versus M8 to those available at flyDIVaS.

Functional analyses {#Sec8}
-------------------

For gene functional analysis, all gene ontology (GO) assessments were conducted using the GO clustering program DAVID \[[@CR60]\]. Gene functions were assessed using the identifiers from the well annotated and reference species Dmel which are accepted in DAVID for functional analyses of genes.

Availability of data and materials {#Sec9}
----------------------------------

The protein-coding DNA sequences for all genes studied within each of the four Drosophila species, Dmel, Dsim, Dyak and Dana, are available publicly at FlyBase \[[@CR49]\]. Version numbers are provided in Additional file [1](#MOESM1){ref-type="media"}: Table S1. The between species ortholog datasets are also available at FlyBase \[[@CR49]\]. The RNA-seq data are available at the SRA database under identification numbers in Additional file [1](#MOESM1){ref-type="media"}: Table S1 \[[@CR50]\]. The flyDIVaS data are available as described in \[[@CR59]\]. All data used for this study are public.

Results {#Sec10}
=======

Of the 13,933 annotated protein-coding genes from the reference Dmel genome, we identified 10,740 (77.1%) that had one-to-one orthologs in Dsim, Dyak and Dana. For consistency, all our main analyses of sex-biased expression were conducted using these 10,740 orthologous genes. Findings for the genes that lacked orthologs are described in the later section "*The genes without orthologs exhibit testis-biased expression*". Divergence times from Dmel to the last common ancestor with each of Dsim, Dyak and Dana have been reported as 5, 13 and 44 Mya respectively \[[@CR55]\].

Descriptive summary of the sex-biased gene sets {#Sec11}
-----------------------------------------------

Before our main analyses, we first describe here the properties of the sex-biased gene sets under study. Of the 10,740 genes with orthologs, nearly all were expressed in one or both gonads in each of the four Drosophila species (between 97.7 and 98.7% depending on the species). Using our criteria of ≥2-fold bias (*P* \< 0.05) to identify sex-biased genes, we found that more than 63% of the 10,740 genes studied were sex-biased in each species (Fig. [1](#Fig1){ref-type="fig"}a). Specifically, 6,890 (64.2%), 6,840 (63.7%), 6,994 (65.1%) and 6,947 (64.7%) were sex-biased for Dmel, Dsim, Dyak and Dana respectively.Fig. 1Sex-biased gonadal expression in four Drosophila species**. a**) Schematic diagram of the number of testis-biased, ovary-biased and unbiased genes for each species under study. The number of genes with universal (clade-wide) sex-biased status (SBS) in all four taxa are also shown. **b**) Using the ingroup taxon *D. melanogaster* as the reference, the percentage of testis-biased, ovary-biased and unbiased genes (among 10,740 genes) that retained conserved SBS with each step towards the outgroup (*D. ananassae*) in the phylogeny. The number of genes with conserved testis-biased, ovary-biased and with unbiased status was statistically significantly lower between each step in the phylogeny (for each category between steps Chi^2^ *P* \< 0.0001)

Extensive turnover was observed in testis-biased and ovary-biased status across the four species. In particular, 5,331 (49.6%) of the 10,740 studied genes exhibited variation in SBS across species, while 50.4% (5,409) had the same clade-wide (universal) SBS in all four species (Fig. [1](#Fig1){ref-type="fig"}a). In other words, for half of the genes studied, the sex-biased expression status differed in at least one species as compared to the others. As shown in Fig. [1](#Fig1){ref-type="fig"}b, using the ingroup species Dmel as the reference, the proportion of genes which had conserved testis-biased, ovary-biased or unbiased expression declined in a stepwise manner with increasing divergence towards the outgroup, that is, from Dmel to Dsim (conserved in both), to Dyak (conserved in three species) to Dana (conserved in all four species; Chi^2^ *P* \< 0.0001 for contrasts of the number of testis-, ovary-, and of unbiased genes between each step, Fig. [1](#Fig1){ref-type="fig"}b), a pattern concurring with monotonic changes in SBS observed in whole files \[[@CR8]\]. At the clade-wide level, a total of 2,071 (19.2% of 10,740), 1,966 (18.3%) and 1,372 (12.8%) genes respectively retained the same testis-biased, ovary-biased and unbiased expression universally across all four species (Fig. [1](#Fig1){ref-type="fig"}a).

### Testis- and ovary-specificity of expression {#Sec12}

Testis-specific expression, defined herein as those testis-biased genes with zero expression in ovaries, were much more common in the testis-biased gene sets (varying between 13.86 and 34.90% of the testis-biased gene sets depending on the species, see Table [1](#Tab1){ref-type="table"}), than were ovary-specific genes in the ovary-biased gene sets (between 0.18 and 0.48%, Chi^2^ test between testis- and ovary-biased genes per species *P* \< 0.0001, Table [1](#Tab1){ref-type="table"}). This suggests greater specialization of functions in the testis-biased genes. Furthermore, 171 genes exhibited clade-wide testis-specificity (relative to ovaries) in all four Drosophila species, whilst no ovary-specific genes had clade-wide status. The finding that testis-specificity is more common than ovary-specificity expression in all four of these Drosophila species is in agreement with expression studies in the single species Dmel \[[@CR33], [@CR39]\] and in other species such as wasps \[[@CR21]\]. Our present results show that testis-specificity has been strongly conserved at the clade-wide level for a major subset of testis-biased genes over a period of 44 My, a status not observed for any ovary-biased genes.Table 1The frequency of genes with sex-specific expression in testes and ovaries in each species of Drosophila**.** The percentage of the sex-biased gene sets represented by sex-specific genes (zero expression in the opposite sexual organ) is shown. The number of clade-wide testis-specific genes, which were specific in all four species, was 171 and there were no clade-wide ovary-specific genes. Chi^2^ tests of the percentage of testis- versus ovary-specific genes per species *P* \< 0.0001 for each species. Sex-biased expression and sex-specificity was determined by inter-gonadal contrastsCategoryNo. of Genes per SpeciesDmelDsimDyakDanaClade-Wide SpecificityNPercent^a^NPercentNPercentNPercentNNo. of Testis-Specific Genes69220.8587024.7253813.861,17234.90171No. of Ovary-Specific Genes170.4860.1890.2980.220^a^The percent of testis-biased or ovary-biased genes that were testis- or ovary-specific respectively

For additional rigor, we further assessed the specificity of expression of the 171 genes with clade-wide testis-specificity (which are listed in Additional file [1](#MOESM1){ref-type="media"}: Table S3) using expression profiles available for Dmel at the modENCODE Anatomy RNA-seq database (mated testes and ovaries, [flybase.org](http://flybase.org); <http://www.modencode.org>), and found strong concordance with our results. Specifically, 100% (*N* = 171 of 171) of the testis-specific genes identified herein were observed in modENCODE as exhibiting expression in the testes, and as having no detectable transcript reads in ovaries, thus affirming the high accuracy of the RNA-seq dataset(s) (Table S1) and methods used herein for discerning sex-specific expression profiles.

### Expression level divergence is higher in testes than ovaries {#Sec13}

We assessed the interspecies divergence in gene expression level per se, that is the changes in expression (FPKM) for genes transcribed in the testes and for the ovaries. Hierarchical clustering of gonadal expression levels across all genes (with FPKM\> 1 in at least one gonad), showed that expression level clustered primarily by sex, and secondarily by phylogenetic relatedness (Fig. [2](#Fig2){ref-type="fig"}a). As indicated in Fig. [2](#Fig2){ref-type="fig"}a, the gene expression of testes and ovaries formed separate groups that each contained Dmel, Dsim, Dyak and Dana, showing that gonad expression, rather than phylogenetic relatedness, is the primary factor shaping expression profiles. Whilst few studies to date have conducted comparable analyses of expression in the gonads in a multi-species clade, we note that this result concurs with results for a phylogeny of six bird species (Galloanserae) \[[@CR19]\], suggesting that a strong gonadal-expression effect may be common to divergent animal systems. The clustering of gonadal expression by sex, rather than by phylogenetic relatedness (Fig. [2](#Fig2){ref-type="fig"}a), may be deemed consistent with a history of sex-related selection, such as purifying selection and/or sexual selection \[[@CR19]\].Fig. 2Interspecies divergence of gene expression level of testis and ovary profiles in four species of Drosophila**. a**) Hierarchical clustering of expression level. The heatmap shown comprises a representative sample of all genes under study (genes with FPKM≥1 included); **b**) The Spearman R correlations for expression level (FPKM) of Dmel versus (vs) the other three species in the phylogeny (*P* \< 2.0X10^− 7^ for each contrast; all genes included). Species names are abbreviated as described in the main text

Gene expression levels (FPKM) within the testes and within the ovaries has diverged substantially among the four Drosophila species. Specifically, using the ingroup Dmel as the reference species (Additional file [1](#MOESM1){ref-type="media"}: Figure S1), we determined the interspecies rank correlations in expression level. As shown in Fig. [2](#Fig2){ref-type="fig"}b, testis-expression level (across all genes under study) was strongly correlated between taxa, with Spearman's R for Dmel versus Dsim R = 0.85, Dmel versus Dyak R = 0.83 and Dmel versus Dana R = 0.77 (*P* \< 2X10^− 7^ per species pair). Similar trends were observed for ovary expression (R = 0.93, 0.92, and 0.88 respectively, *P* \< 2X10^− 7^). The progressive decline in correlation coefficients from Dmel versus Dsim, to Dmel versus Dyak to Dmel versus Dana, is consistent with greater divergence of testis- and ovary-expression levels (FPKM) with greater time, similar to divergence patterns observed for whole males and females \[[@CR8]\]. Further, the between-species R values observed here for ovary expression were consistently higher than the comparable values for testis expression, indicating accelerated interspecies divergence in testis- versus ovary-expression.

Evolution of standardized lineage-specific transitions in SBS {#Sec14}
-------------------------------------------------------------

For our main assessments herein, we examined genes with LSTs in SBS across the phylogeny and those with clade-wide biases. LSTs are transitions from a conserved ancestral sex-biased state (shared amongst three species) to a derived status in a single (fourth) terminal branch and were standardized to the number of genes with the ancestral state (S-LSTs) for each of the six transition categories. Using these data, we conducted several analyses including assessment of differential S-LSTs levels among transition types per species, the relationship between S-LSTs and pleiotropy, and how the magnitude of (fold-) sex-biased expression evolved in genes with LSTs evolved over time.

As shown in Table [2](#Tab2){ref-type="table"}, we found that of the 5,331 genes exhibiting variation in SBS (Fig. [1](#Fig1){ref-type="fig"}a), 64.1% (3,431 genes) had an LST in SBS in the Drosophila clade (Additional file [1](#MOESM1){ref-type="media"}: Table S4). The S-LST values per transition category per species are shown in Table [2](#Tab2){ref-type="table"}. We report that the most uncommon transition in all four species was ov-ts, which had S-LST values of 1.9 up to 13.9 transitions (per 1,000 genes with ancestral ovary-bias) in Dmel and Dana respectively. For comparison, unb-ts transitions were between 8.0 to 48.1-fold more frequent depending on the species branch (Chi^2^ *P* \< 0.0001, Table [2](#Tab2){ref-type="table"}), inferring most transitions to testis-biased expression arose from an ancestrally unbiased state. The next least common type of transition in each species branch, with S-LST values between 5.0 and 21.5 was ts-ov. The unb-ov transitions were between 4.4- and 15.5-fold more common than ts-ov depending on species (*P* \< 0.0001 for all four species branches). Thus, despite species-specific variation in the scale of the effect, all four species branches indicate that sex-biased expression more commonly originated from an unbiased state (unb-ts, unb-ov) than from reversals (ov-ts, ts-ov) in SBS.Table 2The standardized-lineage-specific transitions (S-LSTs) in sex-biased status (transitions between testis-biased, ovary-biased or unbiased status) in the gonads from a conserved ancestral state. The six possible categories of transitions in sex-biased expression are shown per species. Comparison of the ratio of S-LSTs are shown. \*Indicates a Chi^2^ test between the two transition types per contrast (using counts of transitions and ancestral states) was statistically significant (\*P \< 0.05 and ≥ 0.0001, \*\*P \< 0.0001). Raw counts of transitions are in Additional file [1](#MOESM1){ref-type="media"}: Table S4Type of Transition\
(Ancestral to derived)Standardized (S)- LSTsDmelDsimDyakDana*Gain of Testis-Bias* Ov-Ts1.922.323.4313.85 Unb-Ts90.26111.64163.72111.11 *Ratio Unb-Ts* vs *Ov-Ts*47.14\*\*48.14\*\*47.68\*\*8.03\*\**Gain of Ovary-Bias* Ts-Ov21.4715.174.9919.06 Unb-Ov95.0169.2577.43148.87  *Ratio Unb-Ov* vs *Ts-Ov*4.42\*\*4.56\*\*15.51\*\*7.81\*\**Loss of Sex-Bias* Ts-Unb106.5360.6954.93122.67 Ov-Unb56.9785.81152.79108.08 *Ratio Ov-Unb* vs *Ts-Unb*0.53\*\*1.41\*2.78\*\*0.88*Ratio of Reversals in Sex-Bias* Ts-Ov vs Ov-Ts11.18\*\*6.54\*\*1.451.38\*\*

Significantly, while the results in Table [2](#Tab2){ref-type="table"} indicate that S-LSTs for reversals were relatively uncommon events in each of the four Drosophila species, as suggested from some studies of males-females \[[@CR3], [@CR8], [@CR11]\], they also importantly reveal that there are marked differences in S-LSTs of the two types of reversals in sex-biased status. For instance, ts-ov transitions were consistently more common than ov-ts transitions in all species (1.4 to 11.2 fold more common), particularly in the more recently derived branches for Dmel and Dsim (was statistically significant for in all species Chi^2^ test *P* \< 0.0001, except Dyak *P* \> 0.05). Thus, our results here using S-LSTs in gonads expose a significant difference between reversal types and suggest ts-ov transitions may be apt to be more beneficial (or less deleterious) than the ov-ts transitions at the interspecies level (for functions of genes with these LSTs see Additional file [1](#MOESM1){ref-type="media"}: Table S5).

With respect to losses in sex-biased status, that is, S-LSTs from testis- or ovary-biased status to an unbiased status, values varied to some extent among species. Specifically, we found S-LSTs arose at a similar level from an ancestrally testis-biased (ts-unb) and ovary-biased (ov-unb) state for Dana (*P* \> 0.05). For Dsim and Dyak, ov-unb transitions were 1.4- and 2.8-fold more common than ts-unb respectively (Chi^2^ *P* \< 0.0001 for each contrast), with the opposite trend found for Dmel where ts-unb was 1.9-fold more common (Chi^2^ *P* \< 0.0001). Although ov-unb LSTs could be expected to be more common than ts-unb simply because ovary-biased genes typically had lower fold sex-bias (than testis-biased; see section "*Directional increase in fold sex-biased expression over time*"), and thus more genes were near the threshold of ovary-biased and unbiased status (two-fold cutoff applied herein) \[[@CR8]\], we found no consistent pattern of an effect across species in Table [2](#Tab2){ref-type="table"}. Most importantly, in all four Drosophila species the frequency of transitions from ts-unb was greater than ts-ov and ov-unb was greater than ov-ts (4.0- to 44.5-fold higher depending on the species; Chi^2^ *P* \< 0.0001 for all branches). Thus, ancestrally testis-biased and ovary-biased genes were each much more likely to transition to an unbiased status than to convert to the opposite type of sex-biased expression.

An additional finding worth noting in Table [2](#Tab2){ref-type="table"} is that the rate of turnover in SBS varied among species branches. Based on divergence times of 5 My for Dmel and Dsim and 13 and 44 My for Dyak and Dana respectively \[[@CR55]\], one might have expected a steady increase in S-LSTs over time, particularly between the two ingroup species Dmel and Dsim versus Dyak and Dana. However, that trend was only clearly observed for ov-ts and ov-unb, and not for the remaining categories. In this regard, these patterns also suggest that while neutral evolution likely contributes towards evolution of gonadal expression, non-neutral and/or species-specific pressures influence the rate of turnover in sex-biased expression.

The functions for genes with reversals in sex-biased expression and for those with unbiased to sex-biased transitions are shown in Additional file [1](#MOESM1){ref-type="media"}: Tables S5-S7. One noteworthy pattern is that genes with LSTs from unbiased to an acquired testis-biased status were convergently linked to olfactory functions in all four Drosophila species (Additional file [1](#MOESM1){ref-type="media"}: Tables S6-S7). This pattern appears similar to our prior findings for Aedes, wherein ovary-specific genes \[[@CR22]\], which evolved faster than testis-biased genes in that taxon, were preferentially involved in olfactory functions \[[@CR22]\]. Olfactory genes, in addition to their roles in attraction, have been linked to testis and sperm functions (including motility, sperm-egg attraction) in metazoans \[[@CR61]\]. Thus, this result for LSTs to testis-biased status may infer evolution of new or expanded roles of olfactory genes in the male gonads after this transition.

Together, the patterns shown in Table [2](#Tab2){ref-type="table"} reveal marked differences in S-LSTs among the six transition types. The low S-LST values for reversals, and differences between the two types of reversals in gonadal sex-biases, are each consistent with a role of sex-dependent selection rather than (entirely) neutral evolution of expression \[[@CR3]\].

### Pleiotropy is unlinked to lineage-specific transitions in sex-biased expression {#Sec15}

We next addressed whether pleiotropy could drive the patterns of turnover in sex-biased gonadal expression in Table [2](#Tab2){ref-type="table"}. Genes expressed across multiple tissues have been shown to exhibit low interspecies expression divergence \[[@CR42]\], a factor that may restrict evolution of sex-biased gene expression \[[@CR25]\]. This topic has rarely been empirically addressed in the literature, and our method of studying S-LSTs provides an original means to tackle this issue. We assessed whether genes with LSTs for each of the six types of SBS transitions exhibited differences in expression breadth which might explain their frequency using the reference model Dmel (N total LSTs = 739, Additional file [1](#MOESM1){ref-type="media"}: Table S4). By analysing Dmel, wherein expression data are available for a wide range of tissues, and analyzing S-LSTs in this same branch (thus, expression data and LSTs are from the same species), we have the means to test any cause-effect relationship. For this, we used expression breadth across 17 disparate developmental stages and tissues (Additional file [1](#MOESM1){ref-type="media"}: Table S2) as a proxy for a gene's pleiotropy \[[@CR16], [@CR25], [@CR31], [@CR41]\].

The results, shown in Fig. [3](#Fig3){ref-type="fig"}, reveal that mean expression breadth was \> 89% for genes with ov-unb and unb-ov transitions (98.72 ± 0.49, 89.22 ± 1.98), with lower values for ts-unb, ts-ov and ov-ts (81.82 ± 1.26, 79.25 ± 2.66 and 75.00 ± 19.57) and the lowest value for unb-ts (61.26 ± 2.44) (Fig. [3](#Fig3){ref-type="fig"}a). Pairing the transition types into those sharing the same ancestral SBS showed that expression breadth was not connected to the frequency of S-LSTs. For instance, much higher expression breadth was observed for genes with ov-unb than ov-ts (net difference in breadth \> 23%, Fig. [3](#Fig3){ref-type="fig"}a, MWU-test *P* = 0.015), and yet the former transition type had a nearly 30-fold higher level of S-LSTs (Fig. [3](#Fig3){ref-type="fig"}b, Table [2](#Tab2){ref-type="table"}, Chi^2^ *P* \< 0.0001). In turn, for genes with ts-unb and ts-ov transitions, average expression breadth was in a similar range (79 to 82%, MWU-test *P* \> 0.05, Fig. [3](#Fig3){ref-type="fig"}a), and despite this, the S-LSTs were five-fold higher for the former transition type (Fig. [3](#Fig3){ref-type="fig"}b, Chi^2^ P \< 0.0001). These findings indicate that the elevated number of successful transitions from sex-biased to unbiased status as compared to reversals in sex-bias is not due to lower expression breadth (in the former group). Importantly, for the unb-ts and unb-ov categories, which comprised the majority of transitions to an acquired sex-biased status (Fig. [3](#Fig3){ref-type="fig"}b, Table [2](#Tab2){ref-type="table"}), the former transition type had much lower expression breadth (net reduction of 28%, MWU-test *P* \< 0.05), whilst both categories exhibited similar frequency of S-LSTs (90.3 and 95.0 respectively, Chi^2^ *P* = 0.90, Fig. [3](#Fig3){ref-type="fig"}ab, Table [2](#Tab2){ref-type="table"}). This result suggests that the frequency of transitions from unbiased to an acquired sex-biased status were unrelated to pleiotropy. The differences in S-LSTs for the two types of reversals also cannot be explained by pleiotropy, as expression breadth was marginally higher for genes with ts-ov than ov-ts and yet the former had 11-fold elevated S-LSTs (Fig. [3](#Fig3){ref-type="fig"}b, Table [2](#Tab2){ref-type="table"}). The losses in sex-biased expression to an unbiased state (not reversals), ts-unb and ov-unb, could perhaps suggest a relationship for those particular categories, where the former had lower expression breadth (MWU-test *P* \< 0.05) and higher (1.9 fold) S-LSTs (MWU test-P \< 0.05, Table 2, Fig. [3](#Fig3){ref-type="fig"}). Nonetheless, when taken collectively, while expression breadth varied among the genes with each of the six types of LSTs, it does not appear to be consistently linked to turnover in the sex-biased status within Dmel.Fig. 3Expression breadth and the frequency of lineage-specific transitions (LSTs) in sex-biased status in *Drosophila melanogaster*. **a**) Average expression breadth for genes with LSTs for each of six types of transitions in Dmel and; **b**) the number of standardized-LSTs for each of six transition types for Dmel from Table [2](#Tab2){ref-type="table"}. For **a** and **b** the transition types are listed on the X-axis in pairs with respect to the ancestral sex-biased state. Different letters above bars indicate a statistically significant difference within each pair using MWU-tests

While pleiotropy has been thought to hamper the evolution of sex-biased gene expression \[[@CR25], [@CR41]\], the data in Fig. [3](#Fig3){ref-type="fig"} for S-LSTs and expression breadth in Dmel indicates pleiotropy has not consistently restricted transitions in gonadal sex-biases in this taxon. Under a conservative interpretation, we note that the expression breadth in Dmel represents patterns observed in the extant species, and thus may have historically (in the Dmel branch) exhibited some variation. Further, categorical changes in SBS can be sensitive to methods and threshold cutoffs \[[@CR8]\]. We therefore do not exclude any role of pleiotropy in shaping gonadal LSTs in this species.

### Directional increase in fold sex-biased expression over time {#Sec16}

As part of our analyses of LSTs, we considered whether and how the magnitude of sex-biased expression evolved over time, that is, was fold sex-bias lower or higher for genes with LSTs versus genes with clade-wide (conserved) sex-biased status. For this, we assessed fold bias of genes with LSTs from unbiased to testis-biased expression and from unbiased to ovary-biased expression (unb-ts, unb-ov) in each species and genes with wide clade-wide sex-biases (Fig. [4](#Fig4){ref-type="fig"}a-d). We found that genes with LSTs from unbiased to testis-biased expression had markedly lower fold bias than genes with clade-wide testis-biased expression for each of the four species (Fig. [4](#Fig4){ref-type="fig"}a, MWU-test *P* \< 0.05 for each type of transition in all species contrasts). In turn, as shown in Fig. [4](#Fig4){ref-type="fig"}b, genes with LSTs from unbiased to ovary-biased expression had statistically significantly lower fold-ovary biased expression than those with clade-wide ovary-biased expression (MWU-tests *P* \< 0.05). Collectively, these findings demonstrate that without exception fold sex-bias was exceedingly weaker for genes with LSTs, that is those with branch-specific biases, than genes with clade-wide sex biases in expression, thus supporting a paradigm wherein the fold bias directionally increases over evolutionary time in a non-random manner.Fig. 4Box plots showing the distribution of the fold sex-bias for genes over time. **a**) Fold testis-biased expression for genes with lineage-specific transitions (LSTs) and with clade-wide testis-bias in four Drosophila species; **b**) the equivalent results to **a** for ovary-biased genes; **c**) fold testis-biased expression for genes with LSTs, with conserved bias in the three species ingroup (TSI) clade, and with clade-wide testis-biased expression; **d**) the equivalent results to **c** for ovary-biased genes. The minimum or maximum divergence time (My) is shown for each bar. Different letters below each bar per pair in **a** and **b** are statistically significantly different (MWU-*P* \< 0.05) and in each triplet in **c** and **d** (Ranked ANOVA and paired Dunn's test P \< 0.05). The fold sex-bias for each of the eight testis-biased genes sets (eight bars) in panel **a** was higher than its ovary counterpart in panel **b** (MWU-P \< 0.05). Note the Y-axes are in log scale and have different upper limits in panels. Clade-wide biases are shown in dark blue and red and LSTs with standard blue and red. TSI genes in panels **c** and **d** have crossbars

We then examined those genes with conserved sex-biased status solely in the three-species ingroup (TSI) clade, of Dmel, Dsim and Dyak (that is, shared SBS in three species, and had a different status in Dana), which diverged 13 My, less than one third the time of those with clade-wide status (44 My) \[[@CR55]\]. This analysis affirmed a pattern of a progressive increase in fold sex-biased status over time, from 5 My, to 13 My, and then to 44 My for testis-biased expression, and the same pattern was found for ovary-biased expression (Ranked ANOVA and Dunn's contrast *P* \< 0.05 for all contrasts per species for testis-biased genes (Fig. [4](#Fig4){ref-type="fig"}c) and ovary-biased genes (Fig. [4](#Fig4){ref-type="fig"}d); note that there was one exception, Dmel in Fig. [4](#Fig4){ref-type="fig"}c *P* \> 0.05 in TSI versus LST genes).

The results in Fig. [4](#Fig4){ref-type="fig"}a-d explicitly demonstrate the existence of a phenomenon whereby fold sex-biased expression has increased over time and is observed in both testis-biased and ovary-biased genes. That is, an unambiguous and directional amplification in fold ovary- and in fold testis-bias with a greater time period of conserved sex-biased state. The striking progressive increase in the magnitude of testis-bias and fold ovary-biased expression over evolutionary time in Fig. [4](#Fig4){ref-type="fig"}a-d points towards a selective role in elevated fold sex bias. For instance, a neutral process acting on fold sex-bias may be anticipated to be non-directional (that is, not necessarily increasing fold sex-bias, but also decreasing fold sex-bias over time, and thus nondirectional), rather than strongly directional as found here (Fig. [4](#Fig4){ref-type="fig"}). Thus, the pattern infers sex-related processes, potentially inter-locus sexual antagonism \[[@CR19], [@CR27]\], could be involved in this phenomenon.

Several complementary results with respect to fold sex-bias are worth describing. The degree of fold bias of testis-biased genes in panel 4a was higher than observed for its parallel set for ovary-biased genes in panel 4b (MWU-test P \< 0.05), indicating differences in fold bias between the sexes. Our results further show that the enhanced level of testis fold-bias (than ovary fold-bias) must have first arisen shortly after acquisition of testis- and ovary-biased expression, as the effect was even observed for LSTs to testis- and ovary-biased expression in Dmel and Dsim, which is less than 5 My (Fig. [4](#Fig4){ref-type="fig"}ab, MWU tests P \< 0.05). Furthermore, we studied whether fold sex-bias was mostly controlled by testis- or ovary expression levels in each species. For this, fold bias was classified into three categories as has proven valuable for studying fold bias, ≥2- to 5-fold, ≥5- to 10-fold and ≥ 10-fold (N values per category provided in Additional file [1](#MOESM1){ref-type="media"}: Table S8) \[[@CR20], [@CR22], [@CR35]\]. We show in Additional file [1](#MOESM1){ref-type="media"}: Figure S2 that fold testis-biased and fold ovary-biased expression depended on both expression levels in the ovaries and in testes. Thus, the degree of sex-biased expression was not controlled by changes in expression in one sex (see Additional file [1](#MOESM1){ref-type="media"}: Text File S2). Finally, we had noted (in our Methods) that for the outgroup species Dana some LSTs could have resulted from a reverse transition type in the shared ingroup branch (to Dmel, Dsim and Dyak). However, the fact that our Dana results on fold-bias (Fig. [4](#Fig4){ref-type="fig"}a,b) concurred nearly perfectly with each of the ingroup species suggests that many or most LSTs to testis-biased (Fig. [4](#Fig4){ref-type="fig"}a) or ovary-biased expression (Fig. [4](#Fig4){ref-type="fig"}b) occurred within the Dana branch. In other words, lower fold-bias of genes with LSTs to testis-biased (or ovary-biased) expression than those with clade-wide biases would only be expected if the LSTs in fact occurred in Dana, rather than being reverse transitions in the shared ingroup branch. Together, it is evident that fold sex-biased gonadal expression has evolved dynamically in the Drosophila clade, and most importantly, there is evidence of a time-dependent increase in fold bias in both ovary- and testis-biased genes.

### Multiple transitions in sex-biased status in Drosophila {#Sec17}

It is worthwhile to mention that for our assessment of transitions in SBS above, we focused our main analysis on LSTs that had conserved SBS in three of four species branches, as these allowed us to assess the relative rate of different types of transitions. Whilst a majority of genes that exhibited variation in sex-biased expression across the Drosophila clade involved LSTs (*N* = 3,431 of 5331, 64.4%), a portion of genes exhibited multiple differences in SBS across the phylogeny (*N* = 1,900). Of these, 492 (25.9%) exhibited different SBS in in three of four lineages, and the remainder had two lineages with one SBS and the remaining two with another SBS (both paraphyletic and monophyletic cases). Specifically, 699 (36.7%) were unbiased (in two species) and ovary-biased (in the other two species), 683 (35.9%) were testis-based and unbiased genes, whilst only 26 (1.4%) were testis-biased and ovary-biased. These trends concur with results from LSTs (Table [2](#Tab2){ref-type="table"}) where reversals appear comparatively uncommon. It is not possible to discern between the two types of reversals using this assessment, as was done for LSTs in Table [2](#Tab2){ref-type="table"}, since the ancestral state cannot be determined for multiple transitions.

### Genes without orthologs exhibit testis-biased expression {#Sec18}

Our main analyses in the sections above were focused on all genes with one-to-one orthologs across all four Drosophila species. Nonetheless, it is useful to also consider the comparatively small subset of genes without orthologs. Of the 13,933 genes examined in the reference species Dmel, one-to-one orthologs were identified for 10,740 genes in the three sister species (Dsim, Dyak, and Dana; obtained from the Drosophila ortholog database at FlyBase) \[[@CR49]\] that were used in our study, while the remaining 3,193 genes were excluded from our analysis. Of those excluded, 1,654 of these had more than one equal match in a species and were excluded for that reason (see Methods). The remaining 1,539 excluded Dmel genes lacked an ortholog match in at least one sister species.

Within the 1,539 genes without orthologs, 52.5, 14.3 and 33.1% were testis-biased, ovary-biased or unbiased respectively in Dmel (Chi^2^ *P* \< 0.0001 for each paired contrast). Thus, a relatively high proportion of genes that lack between-species orthologs were testis-biased, concurring with patterns previously suggested for male-biased genes in Drosophila \[[@CR8], [@CR14]\]. Male-biased genes have often been observed to have fast protein sequence divergence (see the section for testis-biased genes studied here, "*Analyses of protein divergence of sex-biased gonadal genes*") \[[@CR1]\], which may act to prevent identification of orthologs, and/or can lead to gene losses from the genome. The trends are also consistent with data from gonads showing that de novo genes are preferentially involved in testis functions \[[@CR29], [@CR62]\]. In the genus Anopheles, fewer ortholog matches were observed for both strongly ovary- and testis-biased genes \[[@CR23]\] again suggesting gonadal sex-biases may be associated with loss of orthologs. In sum, the subset of genes excluded from our main analyses are preferentially testis-biased and thus may have experienced too rapid divergence to yield identifiable orthologs, gene loss in some lineages, and/or arisen from de novo gene gains.

Analyses of protein divergence of sex-biased gonadal genes {#Sec19}
----------------------------------------------------------

As a follow-up analysis, given that rapid protein sequence functional divergence (reflected by dN/dS) has often been associated with male-biased expression (as compared to female or unbiased) in Drosophila \[[@CR1], [@CR8], [@CR10], [@CR11], [@CR15]\], we assessed how dN/dS varied among our various gene sets herein. In available studies of sex-biased expression in Drosophila, expression has often been determined in one single species (usually Dmel) and dN/dS measured using sequence data across various related species \[[@CR6], [@CR31]\]. Here, we have the fortunate advantage of having both sex-biased gonadal expression status, and genomic sequence data for all studied taxa, and thus can assess the relationship between sex-biased expression in the reproductive organs and dN/dS in each of the four species, including genes with LSTs and with clade-wide sex-biased status.

A summary of the results for dN/dS are presented in Fig. [5](#Fig5){ref-type="fig"}a-d. As shown in Fig. [5](#Fig5){ref-type="fig"}a, the genes with clade-wide testis-biased status had higher dN/dS than their ovary-biased and unbiased counterparts in each of the four species (Fig. [5](#Fig5){ref-type="fig"}a, ranked ANOVA and Dunn's contrast *P* \< 0.05 per species), similar to patterns observed in some Drosophila lineages \[[@CR15]\]. Similar results were obtained across all sex-biased genes per species as shown in Additional file [1](#MOESM1){ref-type="media"}: Fig. S3. However, dN/dS of the testis-biased genes with clade-wide status (Fig. [5](#Fig5){ref-type="fig"}a) had higher dN/dS than all testis-biased genes per species (except Dana, MWU-test P \< 0.05), and thus conserved testis-biased expression appears to be linked to accelerated protein sequence divergence as opposed to those with variability in testis-biased expression.Fig. 5Summary of dN/dS values from various gene sets for the four species of Drosophila**. a**) Box plots of dN/dS values for genes with clade-wide testis-biased, ovary-biased and unbiased expression per species (clade-wide biases shown in dark red, blue, grey); **b**) Box plots of dN/dS values for the subset of genes with LSTs from unbiased to testis-biased status and unbiased to ovary-biased status (standard blue, red); **c**) dN/dS for testis-biased genes subdivided by testis-specificity, that includes genes that were testis-biased but not testis-specific (testis-biased-NS), genes that were testis-specific and not universally testis-specific (testis-specific-NU), and universally testis-specific genes (testis-specific-U); and **d**) The median dN/dS values for testis-biased and ovary-biased genes per fold bias category and unbiased genes for each species under study. Different letters under each set of grouped bars in panel **a** and **c** indicate a statistically significant difference (ranked ANOVA and Dunn's paired contrast (P \< 0.05) and between the two species per group in panel **b** (MWU-tests P \< 0.05). In panel **d**, Spearman's R and *P* values for paired contrasts of species are shown. Ts = testis-biased, Ov = ovary-biased. Also, for each fold bias category per species in panel **d**, testis-biased genes had higher dN/dS than ovary-biased genes (MWU-test P \< 0.05)

We compared dN/dS of genes with LSTs from unb-ts and unb-ov expression, which should indicate whether protein evolution was accelerated in testis-biased (as compared to ovary-biased) genes in the period following the transition from unbiased to sex-biased status in a single branch. As shown in Fig. [5](#Fig5){ref-type="fig"}b, we found that the median dN/dS was elevated for genes exhibiting unb-ts transitions as compared to unb-ov transitions for each of the four species under study. However, the difference was only statistically significant for the two basally branching species Dyak and Dana, which might reflect the reduced time period to accumulate amino acid changes in Dsim and Dmel. This could suggest that genes that have accumulated substitutions for shorter periods of time exhibit greater noise in dN/dS (Fig. [5](#Fig5){ref-type="fig"}b), reducing power to detect differences. For instance, it may be possible that regulatory changes may precede functional changes in some genes after a transition to sex-biased gonadal expression. Nonetheless, these findings suggest the initial emergence of faster evolution in testis-biased genes (than ovary-biased) can be weakly observed in as little as 5 My and is more evident with greater divergence time, suggesting the male-female effect may strengthen (not magnify, but lead to a more homogenous male and female dN/dS per species) over time.

As proteins of testis-biased genes consistently evolved faster than ovary-biased and unbiased genes herein (Fig. [5](#Fig5){ref-type="fig"}ab), we aimed to further study this group. For this, the testis-biased genes per species were divided into three distinct categories based on testis-specificity (defined herein as relative to ovary). The categories (per species) were: 1) testis-biased genes that were not testis specific (testis-biased-NS); 2) testis-specific genes that were not universally (clade-wide) testis-specific (testis-specific-NU), and 3) universally (clade-wide) testis-specific genes (testis-specific-U). The results show that dN/dS increased markedly from the first, to the second, to the third of these categories for each of the four species (Fig. [5](#Fig5){ref-type="fig"}c). In particular, for each species the testis-specific-U genes had statistically significantly higher dN/dS per species than testis-specific-NU and than testis-biased-NS (Fig. [5](#Fig5){ref-type="fig"}c). Thus, the longer testis-specific expression of a gene has been conserved within this clade, the higher the rate of protein evolution were for that gene. Too few genes had ovary-specific status for us to be able to perform a meaningful parallel analysis for those tissues (Table [1](#Tab1){ref-type="table"}), consistent with fewer genes playing roles that are specific to the female gonad, to the exclusion of testis expression (functions of genes with clade-wide testis-specificity are shown in Table S9 and discussed in Additional file [1](#MOESM1){ref-type="media"}: Text File S3).

We next assessed the relationship of fold-sex biased expression and dN/dS in all four species under study. As shown in Fig. [5](#Fig5){ref-type="fig"}d, fold sex-bias in these four Drosophila species exhibited a remarkably consistent relationship with dN/dS. In particular, genes with ≥10-fold testis-biased expression had the highest median dN/dS values for each Drosophila species under study. The ≥10-fold class of testis-biased genes had higher dN/dS than testis-biased genes with lower fold testis-bias (between ≥2 to 10-fold bias), than all fold-bias classes of ovary-biased genes, and than unbiased genes (MWU-tests *P* \< 0.05). In addition, dN/dS was higher for testis-biased than ovary-biased genes in all three of the fold-bias categories (MWU-test P \< 0.05). The patterns observed for dN/dS across fold-biased categories was remarkably consistent across all species with Spearman's R ≥ 0.75 (*P* ≤ 0.039) for each pairwise contrast between species (Fig. [5](#Fig5){ref-type="fig"}). Thus, fold sex-biased expression in the gonads is linked to dN/dS in each of these four species.

Protein sequence divergence data from the flyDIVaS database \[[@CR59]\], which contains dN/dS values for six species from the melanogaster group (our four studied species, as well as *D. sechellia* and *D. erecta*) from the M0 model (M0 provides one dN/dS across all species) were compared to our M1 values (using mean dN/mean dS across four species branches) spanning all studied genes herein. We found a strong Spearman's correlation (R = 0.86, *P* \< 2X10^− 7^) between those genes common to both datasets (with orthologs, and unsaturated in each set). Thus, the results affirm congruence amongst dN/dS values between approaches.

### Pleiotropy may shape dN/dS {#Sec20}

To evaluate the role of pleiotropy on dN/dS herein, we assessed expression breadth of clade-wide (universally) testis-biased, universally ovary-biased and unbiased genes, as these gene sets had the same SBS in all species. As shown in Fig. [6](#Fig6){ref-type="fig"}, using Dmel as the reference for expression breadth, we found that universally ovary-biased genes exhibited very high expression breadth, with an average percent expression of 96.02% (standard error ± 0.29) across the various tissues/stages, while in contrast, universally unbiased genes had markedly lower expression breadth values of 70.72% (±0.95) (Ranked ANOVA P and Dunn's contrast \< 0.05). Clade-wide testis-biased genes had even lower expression breadth than comparable ovary- and unbiased genes, at only 65.71% (±0.54; MWU-test P \< 0.05). Furthermore, exceptionally low expression breadth was observed for the clade-wide testis-specific genes, which exhibited on average only 43.1% (±0.88), less than half that found for ovary-biased genes, and more than 22 percentage points lower than unbiased genes or testis-biased genes. If we limit this analysis to Dmel, wherein both expression breadth and dN/dS were determined in the same species, we find higher dN/dS occurred in those gene sets with lower pleiotropy (e.g., testis-biased, testis-specific, Figs. [5](#Fig5){ref-type="fig"}ac, [6](#Fig6){ref-type="fig"}). Each of the three other species (Dsim, Dyak and Dana) also showed precisely the same patterns (Figs. [5](#Fig5){ref-type="fig"}ac, [6](#Fig6){ref-type="fig"}), thus adding support to this finding. Collectively, these data are consistent with the hypothesis that pleiotropy shapes protein sequence divergence \[[@CR8], [@CR14], [@CR41]\]; testis-biased genes, and especially clade-wide testis-specific genes, may evolve rapidly in protein sequence due to low pleiotropy.Fig. 6The expression breadth for genes with clade-wide (conserved) sex-biased status in all four species. Expression breadth per gene was determined as the percentage of 17 tissues with expression using data from *D. melanogaster*. Different letters above bars in indicate a statistically significant difference (P \< 0.05) using ranked ANOVA and Dunn's paired contrast. Note dark red, grey and blue are used here to denote clade-wide biases. Bars are average expression breadth per category, and error bars denote standard errors. Note that testis-specific expression status in the figure was defined based on comparison to the ovaries

Further to the evidence that pleiotropy explains divergence in proteins with clade-wide sex-biased expression, we found only a slightly higher rate (\< 3%, Chi^2^ *P* \> 0.05) of positive selection amongst testis-biased as compared to ovary-biased and unbiased genes using sites analysis in PAML \[[@CR57]\], which was not a statistically significant difference (Additional file [1](#MOESM1){ref-type="media"}: Text File S4, Table S10). Similar results were obtained using sites analysis of the melanogaster group of Drosophila that is available from flyDIVaS \[[@CR59]\], which provides more powerful positive selection tests across six species from this group (Additional file [1](#MOESM1){ref-type="media"}: Text File S4, Table S10). In addition, we tested for positive selection in genes exhibiting LSTs from unbiased to sex-biased status, that is unb-ts and unb-ov (Table [2](#Tab2){ref-type="table"}, Additional file [1](#MOESM1){ref-type="media"}: Table S11) using branch-site analyses \[[@CR57]\] with the branch having the LST being tested for positive selection (see also Additional file [1](#MOESM1){ref-type="media"}: Text File S4). No significant differences were found in rates of positive selection, even in these genes with recent transitions to sex-biased status. These patterns further concur with a significant role of pleiotropy in shaping the protein sequence divergence of sex-biased genes in these species (Figs. [5](#Fig5){ref-type="fig"}ac, [6](#Fig6){ref-type="fig"}).

Discussion {#Sec21}
==========

Drosophila has served as a primary model system for the study of sex-biased gene expression in metazoans. An array of studies have assessed the dynamics of sex-biased expression as well as its effects on protein sequence divergence \[[@CR1], [@CR2], [@CR4], [@CR6], [@CR10], [@CR14], [@CR15], [@CR29]--[@CR38]\]. These studies often include gene expression in whole males versus females in Dmel, and sometimes involve a sister species and/or some sexual tissues. While multi-species studies of sex-biased gene expression in the Drosophila genus have been uncommon \[[@CR8], [@CR11]\], a seminal investigation of whole males and females was conducted by Zhang et al. \[[@CR8]\]. The various findings therein included that species-restricted (orphan) genes tended to be male-biased in expression, changes in sex-biased expression (female:male expression ratio) accumulated monotonically over time, and that the between-species variation (standard deviation of female:male expression ratio) was higher in male-biased (than female-biased) genes \[[@CR8]\], the latter patterns which are consistent with our results based on gonadal expression in Figs. [1](#Fig1){ref-type="fig"}b and [2](#Fig2){ref-type="fig"}b. That study, and an array of additional investigations in Drosophila, have also shown that male-biased genes, including reproductive genes, exhibit elevated dN/dS (than female-biased and/or unbiased), a trend consistent with observations in most, but not all \[[@CR22], [@CR23]\], metazoan models studied to date \[[@CR1], [@CR4], [@CR6], [@CR10], [@CR11], [@CR28], [@CR30], [@CR31], [@CR35]\].

As sex biases mostly originate from the sex-organs \[[@CR3], [@CR6], [@CR8], [@CR22], [@CR33]\], the specific study of gonads should lead to the most accurate picture of differences sex biases, unhampered by dilution of expression by the nongonadal somatic tissues \[[@CR35], [@CR39]\]. We thus conducted multi-species contrasts of sex-biased expression specifically from the sex-organs, and quantified each of six different types of interspecies transitions in sex-biased gonadal status (between ovary-biased, testis-biased and unbiased status) over different evolutionary time periods from (5, 13 and 44 My). We separately assessed expression across nongonadal tissues, using expression breadth. These approaches allowed us an original framework to consider the roles of selection and pleiotropy in the evolution of sex-biased gonadal gene expression.

The present results in context {#Sec22}
------------------------------

### Fold sex-biased expression {#Sec23}

Our present results add several elements to our current knowledge of the evolution of sex-biased expression in Drosophila. The results revealed a significant phenomenon, namely a directional stepwise increase in the degree of sex-biased gonadal expression with extended periods of conserved sex-biased status (Fig. [4](#Fig4){ref-type="fig"}). Note that this pattern is not between species variation (or standard deviation) in the female:male expression ratio as was reported in male-female contrasts \[[@CR8]\], nor is it a decreased correlation in FPKM of gonadal genes between species over time (My) as was shown in Fig. [2](#Fig2){ref-type="fig"}b. Remarkably, the progressive increase in fold-sex-bias was separately observed for testis-biased and for ovary-biased genes in this genus (Fig. [4](#Fig4){ref-type="fig"}). We speculate that the directional increase in fold sex-bias might be explained by a model of episodic inter-locus sexual antagonism. In other words, this may reflect male and female reactionary responses in gene expression evolution. Inter-locus sexual conflict has been thought to possibly underlie sex-biases in expression, particularly in polyandrous species such as in Drosophila \[[@CR1], [@CR27]\]. In this aspect, our findings may be deemed consistent with earlier proposals from analyses in the species Dmel, which have suggested that a portion of sex-biased genes and gene networks may evolve under inter-locus sexual antagonism in that organism \[[@CR38], [@CR63]\]. While some lability of sexual dimorphism, and thus expression, might sometimes be experienced in closely related species such as Dmel and Dsim (\< 5 My) \[[@CR64]\], that would not be expected to be directional, nor to occur across 44 My as observed herein (Fig. [4](#Fig4){ref-type="fig"}). We contemplate that if sexual antagonism is behind the patterns observed here for fold bias of testis- and ovary-biased genes, it need not necessarily have been ongoing continuously for 44 My in this genus, but may instead have arisen in episodic bursts in each branch (cf. \[[@CR65]\]). Together, it may be proposed that selective processes, and potentially sexual antagonism, contribute to this phenomenon.

Nevertheless, the current understanding of the relationship between sexual antagonism and sex-biased gene expression, particularly inter-locus sexual conflict, remains at the early stages \[[@CR16], [@CR18], [@CR19], [@CR27]\]. Thus, while the interpretation of these results remains speculative, future research on genes with enhanced fold sex-bias over time could provide a valuable avenue for further study of inter-locus sexual antagonisms in this genus.

### Selection and frequency of S-LSTs {#Sec24}

We found evidence that the six types of LSTs in gonadal SBS, after standardization to the number of genes with the ancestral state (S-LSTs), occurred at markedly different rates in this genus (Table [2](#Tab2){ref-type="table"}). This pattern was observed for each of four species branches studied, and suggests differential selection has at least partly contributed towards shaping transitions in sex-biased status in the gonads. This finding concurs with prior reports suggesting that reversals are generally uncommon, primarily from whole males/females \[[@CR3], [@CR8], [@CR11], [@CR14]\]. The data specifically from the gonads that we analysed herein further refine that pattern, and indicates that the two types of reversals may exhibit differences in rates of turnover, with remarkably few ov-ts transitions (as compared to ts-ov) in the more recently diverged branches Dmel and Dsim (5 My). In this regard, we speculate that a transition from ovary-biased status to testis-biased status may be particularly detrimental, putatively affecting fitness in a more deleterious manner than the reverse type of transition. This could reflect the fact that female sexual organs play multiple crucial roles in fitness, not only by forming and protecting the egg, but also by housing and maintaining the sperm in the spermathecae and seminal receptacle (wherein sperm are stored after mating). The ovaries, and the process of ovulation, may be involved in the transfer of sperm from the reproductive tract into the spermathecae, and in the later release of sperm from the spermathecae for sperm-egg fertilization \[[@CR22], [@CR66]\] . Thus, given such essential fitness roles, one can contemplate that a drastic change (a reversal from ovary-biased status to testis-biased status) in sex-biased expression in ovaries (ov-ts) might typically be more deleterious than for the testes (ts-ov), potentially leading to lower levels of S-LSTs.

It has been suggested that in an ant (*Solenopsis invicta*), new forms of biased gene expression may be facilitated by relaxed selection, which allows flexibility for alternate phenotypes \[[@CR67]\]. In this regard, one possibility is that gains/losses in sex-biased gonadal status within a species branch might resolve the ongoing need for variation (at intermittent periods) in reproductive traits or strategies in Drosophila during its evolution, accelerating turnover. In contrast, reversals, particularly ov-ts reversals, may be too deleterious for such variation, and thus have been subjected to high purifying selection.

Theory has predicted that sexual selection acts on sex-biased gene expression \[[@CR1]\], and recent experimental research had provided support for this concept. For instance, in Dmel it was shown that when flies were forced into monogamy (versus the natural state of polyandry), there was greater expression of female-biased genes and reduced transcription of male-biased genes \[[@CR68]\]. Those findings are consistent with the notion that male-biased expression is influenced by sexual selection, such as female choice or male-male competition \[[@CR1], [@CR68], [@CR69]\]. An additional study using gonadal expression data from birds has shown that sexual selection in males (e.g. ornamentation) is correlated to the turnover rate of testis-biased expression \[[@CR19]\]. It has also been hypothesized that sex-biased gene expression evolves adaptively in Drosophila \[[@CR32]\]. In this regard, some of the variation in Table [2](#Tab2){ref-type="table"} might result not only from differences the degree of purifying selection, but also from adaptive changes.

Moreover, in terms of clade-wide conserved sex-biased status, we found an absence of clade-wide ovary-specific genes (defined by expression contrasts to testis) as compared to testis-specific genes, which were relatively common (Table [1](#Tab1){ref-type="table"}, Table S3). This suggests greater sexual specialization of male gonadal transcription. This clade-wide testis-specificity may have been mediated by sex-related purifying and/or positive selection over 44 My in this taxon, and appears inconsistent with a purely neutral model. Putative olfactory roles of genes that transitioned from unb-ts in all four species (Additional file [1](#MOESM1){ref-type="media"}: Tables S6, S7) suggests that new or expanded roles of olfactory genes may play a significant role in interspecies gonadal divergence.

### Pleiotropy {#Sec25}

Importantly, our approach of studying S-LSTs in SBS in Drosophila allowed an original and rare empirical test of the fundamental hypothesis that pleiotropy restricts the evolution of sex-biased expression in metazoans \[[@CR25]\]. By comparing S-LSTs to expression breadth we could assess whether changes in sex-biased status were restricted by cross-tissue pleiotropy in Dmel (Fig. [3](#Fig3){ref-type="fig"}). While it has been postulated that genes with functions in multiple tissues and processes act to impede interspecies evolution of sex-biased expression \[[@CR25]--[@CR27], [@CR41]\], and that low pleiotropy would facilitate shifts towards sex-biased expression, we did not observe a consistent connection between pleiotropy and the rate of transitions in SBS in the Dmel gonads studied here (Fig. [3](#Fig3){ref-type="fig"}ab). It should be noted nonetheless that clade-wide testis-biased genes did exhibit lower pleiotropy than ovary-biased genes (Fig. [6](#Fig6){ref-type="fig"}), and testis expression (FPKM) as a whole (across all genes) diverged more rapidly over time (than ovary, Fig. [2](#Fig2){ref-type="fig"}b). However, the frequency of each type of transition in SBS were largely unrelated to gene pleiotropy (Fig. [3](#Fig3){ref-type="fig"}ab). Further study, potentially using similar approaches as those employed herein in a broader range of organisms, may help further decipher the role of pleiotropy in evolution of sex-biased gonadal expression patterns.

While pleiotropy appeared largely unlinked to the rate of transitions in SBS (Fig. [3](#Fig3){ref-type="fig"}), we did find evidence that low pleiotropy may explain high dN/dS of testis-biased genes, and particularly clade-wide testis specific genes (Figs. [5](#Fig5){ref-type="fig"}, [6](#Fig6){ref-type="fig"}; Additional file [1](#MOESM1){ref-type="media"}: Text File S4). Thus, the results add to the growing support for the hypothesis that low pleiotropy allows functional divergence of the proteins encoded by sex-biased genes \[[@CR8], [@CR14], [@CR41]\]. There is at least one feasible explanation for the different roles of pleiotropy in evolution of sex-biased expression (no detectable effect), and in shaping dN/dS. Specifically, a change in the protein sequence of an ovary- or testis-biased gene that is broadly expressed in sexual and non-sexual tissues, would likely affect its phenotypes in the non-sexual organs \[[@CR41]\]. In contrast, a change in the gonadal SBS of a gene could primarily or solely affect roles in the sexual organs, and not necessarily affect its functions or genetic pathways in other nongonadal tissues. In this context, transitions in sex-biased gonadal expression, unlike dN/dS, could often be independent of pleiotropy.

### Patterns observed for dN/dS across species {#Sec26}

It is worthwhile to consider that our findings of higher dN/dS for testis-biased genes than for ovary-biased genes in all four Drosophila species (Fig. [5](#Fig5){ref-type="fig"}abd, Additional file [1](#MOESM1){ref-type="media"}: Figure S3) concurs with patterns observed for male-biased genes in this genus \[[@CR1], [@CR11], [@CR14], [@CR15], [@CR31]\]. The findings of higher dN/dS for testis-biased genes than for ovary-biased genes in Drosophila (Fig. [5](#Fig5){ref-type="fig"}abd, Additional file [1](#MOESM1){ref-type="media"}: Figure S3), differs markedly from results in fellow dipteran genera Aedes and Anopheles. In those mosquitoes, higher dN/dS occurred in ovary-biased (and ovary-specific) genes than their male counterparts \[[@CR22], [@CR23]\]. One key factor that could explain this difference is the effectiveness of post-mating mating plugs; which greatly impedes sperm competition in mosquitoes but not in Drosophila \[[@CR22], [@CR70], [@CR71]\]. We speculate that this may lead to greater sperm competition and a propensity for adaptive evolution and higher dN/dS of testis-biased (than ovary-biased) in flies than in mosquitoes. However, elevated positive selection in testis-biased genes was only weakly observed herein (Additional file [1](#MOESM1){ref-type="media"}: Text File S4). Alternatively, low pleiotropy, as found here for testis-biased genes in flies (Fig. [6](#Fig6){ref-type="fig"}; see also \[[@CR10], [@CR31]\]) could occur for ovary-biased genes in mosquitoes, and thus this comprises a candidate hypothesis to explain these inter-taxon differences.

In Fig. [5](#Fig5){ref-type="fig"}d, some variation in dN/dS was observed between species, with the consistently highest values observed in Dsim, intermediate values for Dmel and Dyak, and the lowest values for Dana (Fig. [5](#Fig5){ref-type="fig"}d), suggesting species-specific effects on the evolutionary rates of sex-biased genes. Such variation might reflect fundamental differences between taxa, for example, effective population size. When a population size is small, this may lead to greater fixation of slightly deleterious mutations via genetic drift, causing higher dN and thus higher dN/dS \[[@CR72]--[@CR74]\]. Accordingly, a hypothetical history of relatively smaller effective population sizes in Dsim than in the other species studied here, may accelerate dN/dS, whilst if Dana had larger historical population sizes, this could enhance the efficiency of purifying selection, reducing dN/dS. The effective population size of Drosophila's various species, however, has been a subject of debate \[[@CR73]--[@CR76]\], such that further data will be needed to assess precisely whether and how it may be connected to dN/dS.

Alternatively, the interspecies variation may also reflect differences in the sexual traits of these taxa. As an example, sperm size is extremely variable in the Drosophila genus and may evolve adaptively due to post copulation female-sperm choice; sperm competition is also common in this taxon \[[@CR77], [@CR78]\]. Thus, differences in sexual selection pressures might partly contribute towards interspecies variation in dN/dS.

Crucially, the present findings also showed that differences in dN/dS for genes with testis-biased and ovary-biased were more readily detected after 13 and 44 My than for genes with recently acquired SBS (5 My, Fig. [5](#Fig5){ref-type="fig"}b). This comprises a significant cautionary note for future studies of sex-biased genes in metazoans. That is, when studying sex-biased gene expression in only one or two species, one should be aware that the different genes under study may have experienced sex-biased expression for longer or shorter time periods (in one or two species studies this would be undetectable), which may affect observed levels of protein sequence divergence. Furthermore, our results showed that the observed fold-sex-biased expression (Fig. [4](#Fig4){ref-type="fig"}) is also time-dependent (which would also be undetectable in studies of one or two species). In this regard, future studies should consider the possibility that the ultimate dN/dS and fold-bias observed when assessing expression in one, or two, species may be the product of the largely hidden, or unknown, time-scales of conserved sex-biased expression.

### Noteworthy caveats {#Sec27}

It should be emphasized that measures of sex-biased expression in Drosophila have varied extensively in the literature, with estimates of the percent of sex-biased genes in the genome ranging between 10 and 91%, depending on statistical methods employed, the cutoff for identification of sex-biased status, size of transcriptome datasets and/or replication, and other factors including growth conditions \[[@CR14]\]. As all species herein were from the same growth environments, and were subjected to the same statistical processes for all four species, the data are comparable to each other, and thus are aimed to reveal the relative variation in sex-biased gonadal expression in this genus using the criteria defined throughout our study. Thus, the patterns may vary to some extent with additional datasets, different criteria for defining sex-biased genes, or environmental conditions (for further consideration of approaches, including those used herein, see Additional file [1](#MOESM1){ref-type="media"}: Text File S5). Further studies in more taxa, and using various methods to assess sex-biased expression, will help discern the robustness of these patterns in Drosophila and across other organisms.

Conclusions {#Sec28}
===========

While Drosophila has served as a core model system for investigation of sex-biased expression to date, our study shows that its utility for exploring factors shaping sex-biased evolution has not been exhausted. In the future, as more population level genomic sequence data sequence becomes available in various Drosophila species, research should aim to determine the relative selective pressures acting on mutations in sex-biased expression in populations using their frequency spectra, similar to that conducted for codon or protein mutations \[[@CR74], [@CR79]\], and to assess intra- versus interspecies expression divergence profiles for various organisms \[[@CR2], [@CR32], [@CR42]\]. Such studies will help fruther ascertain the relative roles of neutral evolution, purifying selection and adaptive changes on the evolution of sex-biased gonadal expression. In addition, studies of sex-biased expression in specific nongonadal organs/tissues such as those listed in Additional file [1](#MOESM1){ref-type="media"}: Table S2 may be useful in discerning whether any particular tissues share parallel, or opposite, biases to those found in the gonads in Drosophila. Such data could reveal sex-related networks relevant to both gonadal and nongonadal tissues, which may be valuable to understanding evolution of gonadal sex-biased expression. Further studies in this genus outside the melanogaster group, such as in the model Hawai'ian clade \[[@CR80]\], may provide a particularly effective route for future assessments of the factors shaping evolution sex-biased gonadal expression.
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